Abstract-We study the mechanism and energetics of proton transfer (PT) in ammonia-nitric acid systems by employing ab initio calculations. PT does not occur in the single ammonium nitrate unit (NH 3 -HNO 3 ; monomer) without the application of an external electric field. In contrast, PT is energetically favorable in oligomers (NH 4 NO 3 ) n=2~8 due to the internal polarization -resulting in the ammonium and nitrate ions, NH 4 + · · · NO 3 -. Additionally, we study the energetics of ammonium nitrate oligomerization using simple energy decomposition. The classical electrostatic interaction plays a principal role in the studied oligomerization, whereas the charge transfer interaction is not significant. Consequently, PT in the ammonium nitrate oligomer system enhances the internal electrostatic interaction, resulting in an ionic form with remarkable stability even in the gas phase.
I. INTRODUCTION
Ammonium nitrate (NH 4 NO 3 ) crystallizes in several polymorphic forms, which consists of NH 4 + and NO 3 -ions [1] - [6] . The room-temperature phase of ammonium nitrate is designated as phase IV, which is stable between 255 and 305 K [1] . On the other hand, ammonium nitrate has been identified in atmospheric aerosol as one of the typical air pollutants. In gas phase, nitric acid and ammonia react to form ammonium nitrate aerosol particles; this gas-particle conversion has been frequently examined in studies on atmospheric observation [7] . Thermodynamic models have revealed that solid ammonium nitrate forms in the atmosphere, even at low (ppb level) concentrations of ammonia and nitric acid [8] . The ammonium nitrate crystal in atmospheric aerosol particles is also identified as phase IV [9] . However, little is known about the mechanisms of the cohesion of ammonium nitrate. It has been theoretically determined that proton transfer occurs and hydrogen bonds are formed between a pair of ammonium nitrate units (dimer), but not in a single unit (monomer) [10] - [13] . The monomer of ammonia and nitric acid only exists as a hydrogen-bonded NH 3 In this work, we studied how proton transfer occurs in the ammonium nitrate oligomers by ab initio calculation as the first step forwards the future systematic understanding of the gas-particle conversion in an ammonia-nitrate acid system, that is, the formation of air pollutants. In particular, we focused on the occurrence of proton transfer and the contribution of the intermolecular interaction to energetic stabilization of the system.
II. CALCULATION METHODOLOGY
All the ab initio calculations presented herein were performed on the basis of the density functional theory (DFT) at the B3LYP/6-311++G(d,p) level, using the GAUSSIAN 09 program package [14] - [16] . Geometric optimization was performed to obtain global minimum energy structures using different initial geometries and vibrational frequency analysis. The DFT method gives good agreement with the MP2 calculations for structural parameters in ammonium nitrate monomer and dimer [12] . The basis set superposition error (BSSE) was previously estimated to be small (less than 0.4 kcal/mol) in monomer and dimer systems when using the 6-311++G(d, p) basis [11] , [12] . Contracted atomic charges from natural bond orbital (NBO) analysis were used to calculate classical Coulomb force for electric field intensities and electrostatic interaction [17] . We attempted a simple energy decomposition analysis (EDA) for interaction energy between molecules. In this work, the intermolecular interaction energy E inter is defined as
where E total def and E total oligo correspond to the sum of separately calculated total energy on deformed molecules and the total energy on an oligomer, respectively. Also, the intermolecular interaction energy E inter is defined as
where E ES , E CT , and E other correspond to electrostatic (ES) energy, charge transfer (CT) energy, and those remainder (E inter in (1) -E ES -E CT ), respectively. The E ES in (2) is calculated as
where E ES iso and E ES oligo correspond to the sum of electrostatic energy on isolated molecules and the electrostatic energy on an oligomer, respectively. Considering no charge transfer between molecules, the E ES oligo is calculated using the NBO charges of isolated molecules. The E CT in (2) resonance-type delocalization interactions between occupied orbitals of one molecule and unoccupied orbitals of the other; the energetic stabilization due to donor-acceptor interactions is estimated by second-order perturbation theory [18] . Considering the precise EDA methods [19] , [20] , the E other is supposed to include polarization energy and electronic exchange repulsion energy although they are undivided in this simple method. In ammonium nitrate oligomers, the formation of hydrogen bonds is an important factor to stabilize molecular structures, and the main effects of hydrogen bonds are CT and ES. Thus, this simple method is useful enough to understand the magnitude of quantum-mechanical CT effect vs classical ES effect on the energetic stabilization of intermolecular interaction. The cohesive energy E cohe is calculated as
where E total iso , E total oligo , and n correspond to the sum of total energy on isolated NH 3 and HNO 3 molecules, the total energy on an oligomer, and the number of monomers in an oligomer, respectively. 
III. RESULTS AND DISCUSSION

A. Molecular Structure of Ammonium Nitrate Monomer
The crystals of ammonium nitrate consist of NH 4 + and NO 3 -. However, in gas phase, the sum of the total energies of isolated NH 4 + and NO 3 -is higher than that of isolated ammonia and nitric acid molecules, as shown in Fig. 1(a) and Fig. 1(b) [11] , [12] . The occurrence of proton transfer from nitric acid to ammonia is expected to overcome this destabilization by increasing the stability of the intermolecular interaction. In the first step, we considered the optimized molecular structure and energetics of the ammonium nitrate monomer. Here, we carried out ab initio calculations on the monomer. The global-minimum structure of the monomer, non-proton-transferred monomer (NPT monomer), is shown in Fig. 1(c) . In Fig. 1(c) , the nitrogen atom in ammonia and hydrogen atom in nitric acid are most stable at the interatomic distance r N-H of 1.663 Å, and the hydrogen bond between ammonia and nitric acid is formed. The total energy of the NPT monomer is lower than the sum of total energies of ammonia and nitric acid, although proton transfer does not occur in the NPT monomer. Here, considering the electronic structure of NPT monomer in Fig.  1(d) , the highest occupied molecular orbital (HOMO) 5a 1 in ammonia mixes with the energy level 9a' in nitric acid. This orbital mixing causes the formation of a hydrogen bond between ammonia and nitric acid, which contributes to the overall energetic stabilization of the NPT monomer electronic system. 
B. Proton Transfer in Ammonium Nitrate Monomer under an External Electric Field
In the next step, we carried out ab initio calculations of the monomer under an external electric field, as shown in Fig. 2 . The direction of an electric field was applied parallel to the dipole moment of the monomer. With an electric field over 4.8 V/nm, proton transfer spontaneously occurs in the monomer as the total energy becomes lower than that of the NPT monomer system. When the electric field intensity exceeds 9.2 V/nm, the monomer separates into NH 4 + and NO 3 -ions, and the overall system becomes increasingly stable with greater distance between the NH 4 + and NO 3 -ions. Thus, these results show that the existence of an electric field acting on the NPT monomer promotes the occurrence of proton transfer and stabilizes the total energy of the system. The external electric field should fall in the range between 4.8 and 9.2 V/nm.
C. Molecular Structures of Ammonium Nitrate Oligomers
We carried out ab initio calculations on the ammonium nitrate oligomers, (NH 4 NO 3 ) n=2~8 . The global-minimum structures of the oligomers are shown in Fig. 3 . In the optimizing calculations for oligomers, we added a "NPT" monomer to pre-calculated oligomer structure as an initial structure.
However, all the oligomers prefer proton-transferred (PT) structures. The electric field intensities acted on the added monomers from the remaining oligomers are also shown in Fig. 3 . As we expected, the
an external electric field between 4.8 and 9.2 V/nm. Therefore, ammonium nitrate oligomers form PT structure due to the effect of their self-induced inner electric field, whereas each monomer should prefer NPT structure if they are separated. It is very interesting that ammonium nitrate oligomers have ionic structures in spite of being in gas phase. Fig. 3 . The molecular structures of ammonium nitrate oligomers. The electric field intensities acted on the added monomers from the remaining oligomers.
D. Energetic Stabilization
We calculate the cohesive energy, and interaction energies between molecules or ions on the ammonium nitrate monomer and oligomers, as shown in Fig. 4 . The energies are standardized relative to the formula unit, NH 4 NO 3 .
The cohesive energy E cohe is gradually increasing with the increased size of oligomers. This result infers that ammonium nitrate oligomer could easily grow in size. As mentioned in the previous discussion, the oligomers, (NH 4 NO 3 ) n=2~8 , prefer the PT structures (ionic structures). As a result, the electrostatic energy E ES of the oligomers largely contributes to the energetic stabilization. Since the even-numbered oligomers easily form alternant arrangements of positive and negative ions, the E ES of the even-numbered oligomer is larger than that of the adjacent odd-numbered. The E ES increases with the increased size of the oligomers because the electrostatic interactions stabilize the system even at a large distance. Although the charge transfer energy E CT also contributes to the energetic stabilization, the contribution is not as large as that of the E ES . In contrast to the E ES , the E CT of the odd-numbered oligomer is larger than that of the adjacent even-numbered. The hydrogen bonds in the oligomers are formed due to the charge transfer from the oxygen atoms in the nitrate group to hydrogen atoms in the ammonium group. Here, the interatomic distance r O-H in hydrogen bonds of each oligomers is shown in Fig. 5 . The changes of the average distances of r O-H in Fig. 5 are rather similar to those in the E CT in Fig. 4 . Thus, the changes in the E CT show the dependency on the interatomic distance r O-H . We can not provide the physical interpretation for the E other because that is defined as 
IV. CONCLUSION
We have studied the mechanism and energetics of proton transfer in ammonia-nitric acid systems by ab initio calculation at the B3LYP/6-311++G(d,p) level. We demonstrate that PT does not occur in the single ammonium nitrate unit (NH 3 -HNO 3 ; monomer) without the application of an external electric field whereas PT is energetically favorable in oligomers (NH 4 NO 3 ) n=2~8 due to the internal polarization -resulting in the ammonium and nitrate ions, NH 4 + · · · NO 3 -. Accordingly, the classical electrostatic interaction is enhanced and plays a principal role in the oligomerization, whereas the charge transfer interaction is International Journal of Applied Physics and Mathematics, Vol. 4, No. 1, January 2014 a reminder, as mentioned in Section II. not significant. Consequently, this internal electrostatic interaction caused by PT in the ammonium nitrate oligomer system results in an ionic form with remarkable stability even in the gas phase. ACKNOWLEDGMENT K.Takeda thanks Dr. Gareth Griffiths of Cavendish Laboratory, University of Cambridge for fruitful discussion on ammonia compounds. The computations in this work were partly performed using Research Center for Computational Science, Okazaki, Japan.
